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HERBICIDE RETENTION BY VEGETATIVE BUFFER STRIPS FROM RUNOFF 
UNDER NATURAL RAINFALL 
K. Arora, S. K. Mickelson, J. L. Baker, D. P. Tierney, C. J. Peters 
ABSTRACT. Effectiveness of vegetative buffer strips for herbicide retention from agricultural runoff was evaluated in a 
two-year natural rainfall study. A source area of 0.41 ha (mainly Canisteo silty clay loam soil), having an average slope 
of 3%, was fall chisel-plowed, spring disked, and planted to corn. Three herbicides (atrazine, metolachlor, and cyanazine) 
were applied to the source area in each spring. Six vegetative buffer strips, 1.52 m wide x 20.12 m long, were isolated 
with metal borders downslope of the source area in a well established bromegrass (Bromus inermis) waterway. These 
strips provided for three replications of two drainage to buffer area ratio treatments of 15:1 and 30:1. Herbicide retention 
was dependent on the antecedent moisture conditions of the strips. These retentions ranged from 11 to 100% for atrazine, 
16 to 100% for metolachlor, and 8 to 100% for cyanazine. Herbicide retention by the buffer strips for the two treatments 
were not significantly different for the observed storm events. Herbicide concentrations in solution in outflow from the 
strips were less than the inflow concentrations for all the three herbicides. Infiltration was the key process for herbicide 
retention by the buffer strips, although there was some adsorption to in-place soil and/or vegetation. Metolachlor 
concentrations in sediment increased in outflow for the two treatments; however, the opposite was true for atrazine and 
cyanazine. Herbicide retention by sediment deposition in the strip represented about 5% of the total herbicide retention by 
the buffer strips. The buffer strips were found to have high percent sediment retention, ranging from 40 to 100%; thus, the 
strips would be more effective for retaining strongly adsorbed herbicides. 
Keywords. Buffer strips. Filter strips. Runoff, Herbicide, Water quality. Management practices. 
Agricultural chemical fate is dependent on many factors, but one of the most important is soil adsorption. The degree of this interaction between soil and a chemical can be classified as 
strongly, moderately, or weakly to non-adsorbed. A large 
percent of herbicides would fall into the moderately 
adsorbed category (e.g., atrazine, metolachlor, and 
cyanazine). For moderately adsorbed herbicides, 
concentrations are higher in sediment, but greater amounts 
are lost in runoff water because of the relative water and 
sediment masses lost (Baker and Laflen, 1979). This off-
site movement of sediment and herbicides from croplands 
is recognized as a potential nonpoint source pollution 
problem. Losses of herbicides from croplands can be large 
if rain storms occur shortly after their application. Various 
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in-field and off-site practices for reducing herbicide 
transport to receiving waters are being evaluated. Possible 
off-site practices involve the use of modified landscape 
features to control movement of pollutants to water 
resources. Vegetative buffer strips, wetlands, and terraces 
are such landscape modifications. These modified features 
tend to reduce the movement of agricultural chemicals with 
runoff water and sediment. 
Buffer strips are bands of land to which no chemical has 
been applied. These strips can be either cropped or can 
have close-grown vegetation planted in them, the latter 
being referred to as vegetative or grassed buffer strips. 
Vegetative buffer strips are located between pollutant 
sources and the receiving waters and can retain pollutants 
from runoff by the mechanisms of interception-adsorption, 
infiltration, and/or by sediment deposition. The 
phenomenon occurring in a strip is the reduction of flow 
velocity by the resistance to flowing water caused by the 
vegetation. Vegetated buffer strips are being considered as 
a potential best management practice (BMP) and 
increasingly are being used to reduce water pollution from 
agricultural cropland. 
Research has been performed on vegetated buffer strips 
to assess their efficiency in retaining sediment 
(e.g., Barfield et al., 1979; Hayes et al., 1979) and nutrients 
(e.g., Magette et al., 1989; Chaubey et al., 1994) from 
runoff, but fewer data exist on their effect on herbicide 
transport. Dillaha et al. (1989) investigated the use of 
vegetative buffer strips for agricultural nonpoint source 
pollution control. In the study, bare cropland plot area 
(5.5 X 18.3 m) estabhshed in eroded Groseclose silt loam 
soil received simulated rainfall. Strips of lengths 0, 4.6, and 
9.1 m were located on the end of each plot. Liquid nitrogen 
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fertihzer at 222 kg/ha and phosphorus (P2O5) at 112 kg/ha 
were applied to the plots. The results showed that the 
4.6 and 9.1 m long buffer strips retained, on the average, 70 
and 80% of the incoming suspended sediment, 61 and 79% 
of the phosphorus, and 54 and 73% of the nitrogen, 
respectively. Effluent nutrient concentrations were 
sometimes higher than influent concentrations. 
Williams and Nicks (1988) used CREAMS (Chemical, 
Runoff, and Erosion from Agricultural Management 
Systems) to predict erosion control by vegetative buffer 
strips. Strip effectiveness was related to the strip width and 
roughness coefficient. Fifteen-meter wide strips, having 
2.4% slope with Manning's roughness coefficient ranging 
between 0.023 to 0.46, were considered for the model runs. 
Strip configurations as concave-convex, concave, and 
uniform were evaluated for erosion control. Data for single 
storm events on fields having a wheat-fallow rotation were 
used with CREAMS to calculate runoff going onto the 
strips. CREAMS predicted average soil loss reductions of 
29, 26, and 36% by the strips for the three configurations, 
respectively. 
Animal manure application to croplands is considered 
an economical way to use the available nutrients in 
manure. Runoff occurring from these fields can contain 
high levels of suspended solids, nutrients, biosolids, and 
microbes, thus posing a pollution problem. Various studies 
have been performed to determine the effectiveness of 
buffer strips in controlling the pollution from the runoff 
occurring from feedlots and manure applied croplands. 
Studies performed by Chaubey et al. (1994), Dillaha et al. 
(1989), Young et al. (1980) and others reveal the 
effectiveness of buffer strips in trapping suspended 
biosolids and sediment carried by runoff. Evaluating 
different lengths of buffer strips, these studies have 
emphasized shallow, uniform flow for better trapping 
efficiency. Nitrate-nitrogen (a non-adsorbed chemical) and 
microbes were not effectively retained from the incoming 
runoff as discussed by Chaubey et al. (1994) and Young et 
al. (1980). 
Asmussen et al. (1977) conducted a study to examine 
grassed waterways for reduction of 2,4-D transport in 
surface runoff. For 24.4-m-long waterways receiving 
simulated rainfall, suspended sediment concentrations were 
reduced by 98 and 94% for dry and wet antecedent 
conditions, respectively. The waterway retained about 30% 
of 2,4-D that entered it for both conditions. The 
mechanisms for this reduction were stated to be infiltration, 
reduction in sediment transport, and attachment-adsorption 
to vegetation and organic matter. 
Mickelson and Baker (1993) evaluated buffer strips for 
controlling herbicide runoff losses. Rainfall with an 
intensity of 66 mm/h was simulated over 4.6 and 9.1 m 
long buffer strips. Ten minutes after the rain began, inflow 
(with or without sediment) having an atrazine 
concentration of 1 mg/L, was added to the buffer strips. 
Seventy-two percent of the sediment was trapped in the 
4.6-m-long buffer strip and 75% in the 9.1-m-long buffer 
strip. The 9.1-m-long buffer strips reduced atrazine losses 
by 55% compared to 32% for the 4.6-m-long strips. The 
difference in reduction in atrazine losses between "no-till" 
(represented by inflow without sediment) and 
"conventional tillage" (represented by inflow with 
sediment) plots was not significant. 
Most of the studies discussed have considered very 
small drainage area to buffer strip area ratios, commonly 
between 1:1 and 5:1. These smaller area ratios are less 
reflective of the practical applications of the buffer strips. 
Therefore, data on more practical area ratios are needed to 
strengthen design procedures. Moreover, there is a need for 
information on the effect of the variations in the area ratio 
on the buffer strip retention. This will help to decide what 
size of buffer area relative to drainage area will be 
sufficient to provide the required retention under field 
conditions. Also, the various processes taking place in the 
strip need to be identified and their interactions understood. 
The specific objectives of this research project were to 
determine the effectiveness of buffer strips for retaining 
herbicides present in runoff, to identify the key 
mechanisms of retention, and to determine the effect of 
drainage to buffer strip area ratio on this retention under 
natural rainfall conditions. 
METHODS AND MATERIALS 
The field layout of the experimental area for evaluating 
vegetative buffer strips, established at the Swine Nutrition 
Center of Iowa State University in the spring of 1993, is 
shown in figure 1. For the two years (1993-1994) of the 
Contour Interval = 0.31 m Sampling 
Shed 
Figure 1-Field layout for the vegetative buffer strip natural rainfall study. 
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study, a source area of 0.41 ha, having an average slope of 
3%, was fall chisel-plowed, spring disked, and planted to 
corn. The planting of 35 rows of corn (0.76-m spacing) was 
up and down the slope to enhance runoff. Three herbicides, 
atrazine (AAtrex) at 2.12 kg/ha, metolachlor (Dual) at 
2.80 kg/ha, and cyanazine (Bladex) at 3.36 kg/ha were 
applied to the source area during both years of study. The 
source area was bermed around the perimeter to avoid any 
runoff interchange with the adjacent areas. Six vegetative 
buffer strips, 1.52-m wide x 20.12-m long, were located 
downslope of a round galvanized metal tank, 3.05 m in 
diameter and 0.61 m in depth in a well-established grassed 
waterway. This tank provided a point for sampling and a 
means for distributing the runoff onto the buffer strips. The 
strips provided for three replications of two drainage 
area/buffer strip area ratio treatments of 15:1 and 30:1. The 
buffer strips were positioned at a slight angle to the source 
area, since the land had a uniform slope of about 2% in that 
direction. These strips were isolated from one another by 
0.20 m high metal borders driven 0.08 m into the soil. The 
strip vegetation (averaged for the two years) was found to 
have 81% smooth bromegrass (Bromus inermis), 12% 
Kentucky bluegrass {Poa pratensis), 5% tall fescue 
(Festuca arundinacea), and 2% others. The average tiller 
population was determined to be 8.82 M tillers/ha. The 
soil, both for the source and strip area was mainly Canisteo 
silty clay loam. 
A 1.22-m-wide x 0.31-m-deep wooden chute was 
constructed to convey runoff water from the end of the 
source field to the tank. Use of the chute provided the 
necessary elevation needed for collection and agitation of 
runoff for the buffer strips. Distribution of water was 
achieved by placing six V-notch weirs along the periphery 
of the tank, all at the same elevation. Each V-notch was 
25.4 cm deep, three with a 30.0° and the other three with a 
56.8° notch angle. The flow rate for a 30° notch is given by 
the following equation: 
Q = 0.373 X H2.5 (1) 
where Q is the flow in m^/s, and H is the head of water 
above the notch base in m. The constant in the above 
equation is 0.746 for the notch angle of 56.8°. The area 
ratio for any one of the six strips was 15:1. However, use of 
the 56.8° weir doubled the volume of runoff passing onto 
the strip, thus achieving an effective area ratio of 30:1 
(assuming linearity between drainage area and runoff). 
Placement of these weirs at the same elevation allowed a 
single head measurement to be used for calculating the 
amount of runoff flowing onto the strips. Figure 2 shows 
the weirs, the mixing chute, the sampling intakes, the 
samplers, and the head measurement devices as placed in 
the tank, upstream from the buffer strips. Also, a wire mesh 
barrier was placed in the tank to prevent any residue in the 
field runoff from affecting flow through the weirs. 
Outflow from the buffer strips was collected in tanks, 
1.52-m long x 0.61-m deep x 0.61-m wide, on the down-
stream side of each buffer strip as shown in figure 1. 
Identical V-notches were used, as on the up-stream side, to 
measure outflow from the outflow tanks. A head 
measurement device and a sampler actuator were placed in 
each outflow tank. The sampling intake for the sampler 
was so positioned on the tank that it sampled outflow from 
Galvanized 
Metal Chutes 
Strip 6 
Strips \ 15:1 
Strip 4 \ 30:1 
Strips \ 15:1 
30:1 \ „ . 
Metal 
D «• c* • Borders 
Buffer Strips Area Ratios 
Figure 2~Top view of the runoff collection tank and distribution 
system. 
the strips rather than sampling the tank storage. The 
complete setup was such that it provided for free flow of 
runoff water without any ponding at the up-stream or 
down-stream end of the buffer area. Automatic samplers 
(No. 3700, Portable Sampler, ISCO Environmental 
Systems, Lincoln, Nebr.) were used to sample the influent 
water for determining the inflow sediment and herbicide 
concentrations. Ultrasonic depth sensors (DUC-7, Lundal 
Instruments, Inc., Logan, Utah) were employed above the 
V-notch weirs to measure the depth of water in the first 
year of study. For the inflow tank, two samplers and two 
depth sensors were used to provide a cross check and 
ensure inflow data were collected. 
One ultrasonic depth sensor and one sampler were used 
for each strip at the down-stream end of the buffer strips. 
The depth sensors gave output in terms of millivolts, which 
was recorded by a datalogger (CR-10, Campbell Scientific, 
Inc., Logan, Utah). These voltages later were converted to 
head values by multiplying with a conversion factor 
depending on the sensor's calibration curve. Because of the 
operational problems with the depth sensors during storm 
events of the first year, a sliding float linear potentiometer 
was developed for the second year of study to measure the 
head of water above the notch base. Figure 3 shows the 
cross section of this sensor. The float, 7.6 cm thick and 
20.3 cm in diameter, was attached to the free end of the 
potentiometer slide. This large float size was necessary to 
minimize hysteresis in the sensor slide movement due to 
friction. The complete assembly of the sliding 
potentiometer along with the float was housed inside a 
25.4-cm-diameter PVC pipe. Several large holes were 
drilled at the base of the housing to facilitate water 
movement into and out of the sensor housing. A rain gauge 
consisting of three 25.4-cm-diameter funnels was 
constructed to collect rain and convey it to a 25.4-cm-
diameter housing with a sealed bottom having a 
potentiometer depth sensor. This amplified the rain 
amounts by a factor of three and increased the sensitivity of 
the gauge. The sensors, the datalogger, and the samplers 
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Protective 
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Figure 3-SIiding float linear potentiometer (all dimensions in cm). 
were powered using 12-V batteries. Small plastic rain 
gauges also were placed at the top and bottom of the strips 
to verify the total rain depth. 
During runoff events, the samplers took 100 mL 
subsamples every 2 min for both inflow and outflow. 
Sampling began as soon as water began to flow over the 
weirs. Three subsamples were composited per sampler 
bottle to obtain a sample representative of each 6-min time 
interval of the runoff event. Twenty-four, 350-mL glass 
bottles, placed in the sampler, provided for a maximum 
total sampling period of 144 min. Samples were collected 
as long as significant runoff continued. Flow-based 
compositing was further done after the runoff event, 
depending upon its length, to obtain sufficient sediment for 
analysis. These samples then were transferred to 1-L glass 
jars and refrigerated immediately until extraction and 
analysis for herbicides. The refrigerated samples were 
analyzed for sediment concentrations and herbicide 
concentrations, both dissolved in water and adsorbed to 
sediment. Sediment concentrations were determined by 
using a gravimetric oven-drying method. Duplicate 
portions of the stirred sample were weighed and oven dried 
at 105°C for 24 h. The dried samples were weighed, and 
the resulting concentrations were calculated; samples 
having more than a 5% difference were reanalyzed. 
Herbicide concentrations in the sample water were 
determined using the Omichron Immuno Assay technique for 
the first year of study. To obtain water free of sediment, 
samples were filtered through 5-micron pore size filter paper 
(medium porosity, slow flow rate). Preliminary analyses were 
performed to determine the dilution factor required to bring 
the herbicide concentrations within the measurement range. 
Actual concentrations then were obtained by multiplying the 
analytical results by the calculated dilution factor. During the 
second year of study, herbicide concentrations were 
determined using gas-liquid chromatography. A known 
weight of the filtered water sample was extracted with a 
known volume of toluene by shaking on an orbital shaker for 
50 min. The water-toluene mixture then was allowed to 
separate for 30 min, and the separated toluene decanted into 
glass test tubes. In general, 150 mL of the filtered water 
sample was extracted with 40 mL of toluene. Less toluene 
was used for extraction of the samples from events occurring 
later in the season because of the decreasing herbicide 
concentrations with time. 
To extract herbicides from sediment for both 1993 and 
1994 runoff events, a known amount of runoff sample was 
centrifuged, and the water was decanted. A known volume 
of toluene was added to the wet centrifuged sediment. 
Glass beads were added to the sediment-toluene mixture to 
get the sediment into suspension in toluene. The bottle was 
then rotated for 1 h in a horizontal orientation and then for 
1 h in a vertical orientation. The toluene from the stirred 
mixture was decanted to test tubes. The remaining mixture 
was oven dried to obtain the dry weight of the sediment. 
The water and sediment extracts were stored in a 
refrigerator at 5°C before analysis. 
Eight microliters of water and sediment extracts were 
injected into a Tracor 560 gas-liquid chromatograph to 
determine the herbicide concentrations. This chromatograph 
was equipped with a 702 model N-P thermonic detector and 
a 770 Tracor auto sampler. The flow rate for the helium 
carrier gas was 18 cm^/min; flow rates for hydrogen and air 
reaction gases were 2.5 cm^/min and 100 cm^/min, 
respectively. The column oven, inlet, and detector 
temperatures were held at 170, 245, and 245°C, respectively. 
Herbicides were separated by using a 3% OV-1, 0.63-cm-
diameter x 1.8-m-long packed column. Data acquisition was 
performed by using a Spectra-Physics 4270 integrator and a 
Fisher Recordall 5000 strip chart recorder. 
Instantaneous head measurements as recorded by the 
datalogger were converted to instantaneous flow rates. 
Instantaneous inflow rates were lagged in time (equal to the 
runoff travel time through the strips) to match with 
instantaneous outflow rates. This allowed development of 
graphs showing infiltration in the strips. Cumulative 
infiltration into each grass strip was determined from an 
inflow-rain-outflow mass balance given by following 
equation. 
X(I*At) + R - i:(0*At) - VR - ip = 0 
where 
X(I*At) = total inflow into the strips (kg) 
R = total rainfall on the strips (kg) 
(2) 
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5:(0*At) = total outflow from the outflow tanks (kg) 
VR = volume of water remaining in outflow tank 
(kg) 
ip = total infiltration in the strip (kg) 
The mass of runoff water remaining in the inflow 
collection tank at the end of a storm event was not included 
in the mass balance because it never passed through the 
buffer area. Travel times were calculated by subtracting the 
time of outflow from strips from the time inflow began. 
The flow-times do not include time needed to fill the tanks. 
Volume of water remaining in outflow tank VR (kg) is 
therefore included in equation 2 to complete the water 
mass balance. The percent herbicide retentions for all the 
runoff events were analyzed as a complete set for statistical 
differences between area ratios and among herbicides. The 
analysis of variance was done as a randomized block in 
split plot design (Cochran & Cox, 1992) using individual 
observations for each herbicide. Thus, there were 18 (3 x 
6) observations for each area ratio in the statistical analysis. 
Event was considered as a class variable in the split plot 
design to remove variations due to events. Effect of 
dilution on outflow concentrations of herbicides was 
analyzed by calculating different concentration reduction 
factors (CRF). Under a worst case situation, where strip 
area is fully saturated and no infiltration occurs, outflow 
will be all of inflow plus rain falling on the strip. Thus, a 
concentration reduction factor due to dilution from rainfall 
for 15:1 area ratio strip will be 15/(15 + 1) = 0.9375, 
assuming 15 units of inflow input based on area. If 
infiltration of inflow alone in the strip is considered, 
dilution effect on the outflow will be maximum. Infiltrating 
runoff can be considered to be absent resulting in similar 
situation as mentioned earlier. Other CRFs assuming some 
percent infiltration of inflow and rainfall in strip and their 
effect on outflow concentrations are discussed in results 
section. Sample analysis was done for all the runoff events 
of 1993 irrespective of the availability of the hydrologic 
data. The herbicide concentrations in inflow and outflow, 
both in sediment and in water, were averaged for each 
event for comparisons among area ratios. 
RESULTS AND DISCUSSIONS 
Over the two years of study, 15 runoff events (10 in 
1993 and 5 in 1994) occurred on the established site. Due 
to instrumentation problems with the ultrasonic depth 
sensors used during first year, complete hydrologic data 
were available for only the first two events. For 1994, 
complete data were available for four of five events. 
Rainfall, runoff, and time after herbicide application data 
Table 1. Days after application, rainfall, and runoff 
for six runoff events in 1993 and 1994 
Event Date 
DAA* 
(days) 
Rainfall 
(mm) 
Runoff t 
(mm) 
El 
E2 
E3 
E4 
E5 
E6 
6-11-93 
6-22-93 
6-06-94 
6-22-94 
7-04-94 
7-13-94 
2 
13 
4 
20 
32 
41 
15.3 
10.2 
15.3 
45.9 
20.3 
23.1 
6.5 
2.6 
2.5 
19.9 
0.9 
2.3 
are presented in table 1 for the six events with complete 
hydrologic data. These six events are henceforth referred as 
El through E6. 
Hydrologic analysis for E6 is shown in table 2. During 
this storm, 23.1 mm of rain fell on the 0.41 ha source area, 
and 2.3 mm ran off. Figure 4 shows hydrograph for strip 
three (drainage area ratio 30:1) for this runoff event. There 
was an interval of about 25 min between the start of rain 
and the start of runoff from the source area. For this 
particular storm, it was raining when runoff entered the 
strips but had quit raining by the time runoff appeared as 
outflow on the downstream side. There was roughly a 10-
min travel time for the inflow to reach the end of the 20.1-
m-long buffer strip. The calculated travel times through the 
strips were different for each of the runoff events, ranging 
from 6 to 13 min. For the 15:1 and 30:1 area ratios for E6, 
the average percent infiltration of the mixture of runoff and 
rain were 73.6 and 64.9%, respectively (table 2). 
The average outflow sediment concentrations in the 
runoff from the buffer strips were less than the inflow 
concentrations because of sediment deposition, and the 
average outflow concentrations for the 15:1 ratio were not 
different from the 30:1 ratio. The percent sediment 
retention values for E6 for the two area ratios are shown in 
table 3. These averaged as 87.6 and 83.6% for the two area 
ratios, respectively. The strips with the higher area ratio 
received double the volume of runoff. This likely increased 
the flow velocity in the strip which may have reduced 
sediment retention; however, these differences were not 
statistically different at the 10% significance level. These 
sediment retentions were higher than for El (shown in 
Table 2. Hydrologic analysis for E6 (13 July 1994) 
Strip 
No. 
1 
4 
6 
Average 
2 
3 
5 
Average 
Area 
Ratio 
15:1 
15:1 
15:1 
30:1 
30:1 
30:1 
Inflow + Rain 
(mm)* 
55.2 
55.2 
55.2 
55.2 
87.3 
87.3 
87.3 
87.3 
Outflow 
(mm)* 
9.9 
14.9 
19.5 
14.6 
24.9 
49.2 
18.1 
30.7 
Infiltration 
(%) 
83.3 
72.9 
64.7 
73.6 
71.4 
43.6 
79.2 
64.9 
Inflow, rain, and outflow volumes converted to mm of depth over strip 
area. 
600 
* DAA = days after application of herbicide. 
t Runoff converted to mm of depth over source area. 
-r->*^—I r* 1 I iiNWfMH^^M- 0 
0 5 10 15 20 25 30 35 40 45 50 
Time from start of rain, minutes 
Figure 4-Cumulative rainfall and instantaneous flow rates for strip 3 
(area ratio 30:1) for E6 (13 July 1994). 
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Table 3. Herbicide and sediment retention percentages 
for E6 (13 July 1994) 
Strip 
No. 
1 
4 
6 
Average 
2 
3 
5 
Average 
Area 
Ratio 
15:1 
15:1 
15:1 
30:1 
30:1 
30:1 
Atrazine 
67.6 
53.4 
59.6 
60.2 
45.4 
48.5 
70.8 
54.9 
Metolachlor 
% Retained 
73.8 
70.7 
70.5 
71.7 
78.0 
67.8 
73.2 
73.0 
Cyanazine 
70.0 
63.4 
77.2 
70.2 
68.2 
58.8 
75.8 
67.6 
Sediment 
91.1 
83.1 
88.4 
87.6 
84.6 
75.9 
90.2 
83.6 
Table 4. Average infiltration, sediment, and herbicide 
Event 
El 
E2 
E3 
E4 
E5 
E6 
retention percentages for the 
Infiltrati 
(%) 
9 
34 
97 
44 
98 
69 
Sediment Atrazine 
44 
57 
100 
65 
98 
86 
six events 
Metolachlor 
% Retained 
13 
44 
100 
54 
98 
58 
22 
33 
100 
51 
99 
73 
Cyanazine 
15 
37 
100 
49 
98 
69 
table 4). Buffer strips offer resistance to flow and thus 
allow increased time for infiltration. Due to wet antecedent 
conditions prior to the runoff event El, less infiltration 
took place in comparison with E6. Also, the travel time 
through the strips for El was only 6 min in comparison 
with 10 min for E6. Thus, flow velocity and infiltration 
directly affected the amounts of sediment being retained in 
the strips. The percent retention of the three herbicides, 
atrazine, metolachlor, and cyanazine for E6 also are 
presented in table 3. The percent herbicide retained within 
the strips was 58, 73, and 69 (averaged for both area ratios) 
for the three herbicides, respectively. These average 
herbicide retentions were not significantly different 
between the two area ratios at the 10% significance level. 
Figure 5 shows the mass flow rate for metolachlor-input 
and average retained in the strips for the two area ratios for 
E6 as a function of time. These masses are converted over 
strip area. The relative amounts of herbicide being retained 
from the runoff were less during peak flows. As the runoff 
event progressed, the herbicide retention increased 
indicating more retention at lower flow rates. Similar 
trends were observed for atrazine and cyanazine. The 
average concentrations of atrazine, metolachlor, and 
cyanazine in the inflow for E6 were 6.8, 14.9, and 
7.8 |ig/L, respectively. The corresponding average outflow 
concentrations for the three herbicides were 6.6, 8.9, and 
5.6 |Xg/L for the 15:1 area ratio and 7.1, 4.8, and 3.2 |Lig/L 
for the 30:1 area ratio. The amounts of herbicides lost from 
the field during this event were less than 0.01% of those 
applied to the source area. Because this event occurred 
41 days after application, the amounts present in the field 
at that time would be much less than the applied amounts 
because of degradation and previous off-site losses. In 
comparison. El had much greater concentrations of 
herbicides in inflow and outflow samples. This 6.4 mm 
runoff event (El) occurred from 12.7 mm of rain two days 
after herbicide application. For this event, the average 
herbicide losses as a percent of that applied were 1.7, 1.7, 
and 2.2 for atrazine, metolachlor, and cyanazine, 
respectively. Thus, the timing of storms relative to 
herbicide application directly affected the amounts of 
herbicides being lost from the field and entering the buffer 
strips. Also, the average inflow concentrations for the three 
herbicides were 580, 730, and 1200 |ig/L, and the 
corresponding average outflow concentrations were 510, 
540, and 960 |Lig/L for the 15:1 area ratio and 510, 610, and 
1080 |ig/L for the 30:1 area ratio, respectively. Figure 6 
shows atrazine concentrations (in solution) for inflow and 
outflow (averaged for the 15:1 and the 30:1 ratios) for El. 
The inflow and outflow concentrations of atrazine 
increased over time for both area ratios. However, similar 
increases over time were not present in other runoff events. 
The same was true for metolachlor and cyanazine. 
The average K (adsorption/partition coefficient) values 
for atrazine, metolachlor, and cyanazine were 15, 10, and 8 
in the first five runoff events of 1993. These average 
K values increased to 22, 18, 15 during later runoff events, 
indicating less "free" chemical available in the source area. 
Values > 8 indicate higher herbicide concentrations as 
adsorbed to sediment than in solution with water. Due to 
the preferential settling of the larger and heavier sediment 
particles in the strip, the outflow is expected to have a 
relatively large percent of finer particles. These finer 
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Figure 5-Metolachlor mass flow rate/unit buffer strip area for two 
area ratios for E6 (13 July 1994). 
Figure 6-Atrazine concentrations in solution in inflow and outflow 
for event 1 of 1993 (El). 
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sediment particles have a greater specific area; hence, 
greater adsorbed herbicide concentrations are expected. 
However, only metolachlor showed this trend. For atrazine 
and cyanazine, the average outflow sediment adsorbed 
concentrations were lower than that in inflow for both the 
15:1 and 30:1 area ratios. Although herbicide 
concentrations in sediment were higher (than in water), and 
the sediment retention of the buffer strips was also high, 
the total mass of herbicide retained with sediment was only 
about 5% of the total herbicide retained by the buffer strips. 
Table 4 shows infiltration, herbicide retention, and 
sediment retention averaged for the two area ratios for the 
six runoff events with complete hydrologic data. For E3 
and E5, almost all the inflow infiltrated with negligible 
amounts of runoff reaching the down stream end of the 
strips. Thus, due to higher infiltration, herbicide and 
sediment retentions were higher. Analysis of variance using 
split plot design gave non-significant differences between 
the two area ratio treatments at 10% significance level, 
indicating similar processes of infiltration and interception-
adsorption taking place in the strip. 
When considering herbicide retention by buffer strips, it 
is important to know how much of the water that infiltrates 
is inflow in comparison to rainfall. If only inflow water 
infiltrated for El, for the 15:1 area ratio, the herbicide 
retention due to only infiltration would have been 14.8%. 
On the other hand, if only the rain falling on the strip 
infiltrated, the herbicide retention by the strips would have 
been only 1.5%. For a similar analysis of the rainfall-
infiltration for the 30:1 area ratio strips, the maximum and 
minimum retention would have been 4.6 and 0%, 
respectively. Also, considering one half of the infiltration 
amount being rain water and the other half being inflow 
water, the average retention would have been 7.6 and 2.3%, 
respectively, for the two area ratios. The average herbicide 
percent retention for most instances, e.g., as shown in 
figure 7 for El, exceeded the maximum percent retention 
due to inflow infiltration only. This percent retention based 
on inflow infiltration alone was statistically less than the 
observed retention (lower than the 95% lower confidence 
limit of the observed mean). Thus, the process of 
adsorption of herbicide to soil and living/dead plant tissue 
is possibly causing the additional herbicide retention. In the 
instance of E6, most of the rain fell before the inflow 
Table 5. Concentration reduction factors under various infiltration 
conditions for a 5-cm hypothetical rain for a 15:1 area ratio 
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entered the buffer strips and the rest prior to outflow from 
the strips. The actual herbicide retention percent for E6 was 
close to the herbicide retention percent calculated from the 
infiltration of a mixture of half rain and half inflow, but 
less than infiltration of inflow alone. 
With outflow from the strip, rain falling on the upper 
end of the strip has a greater chance of infiltrating than rain 
falling on the down-stream end. Simple dilution by the rain 
falling on the strips can result in reduced herbicide 
concentrations for the outflow. For the six observed events, 
the rainfall was still continuing for only two of them. 
Considering no dilution of infiltrating runoff or infiltrating 
runoff to be absent, the dilution effect on outflow will be 
maximum. To assess the different possibilities of runoff 
from the field and from the vegetative strip for a 5 cm 
hypothetical rain, concentration reduction factors (CRF) 
for outflow concentrations are shown in table 5 for the 15:1 
area ratio, assuming complete mixing of rain and runoff 
water and also the entry of runoff into strips with the start 
of rain. For example, if 60% runoff takes place from the 
source area, the runoff for the 15:1 area ratio from the 
source area on to the buffer area would be 45 cm. 
Assuming 20% runoff and no infiltration of inflow for the 
buffer strip area, the outflow from the buffer strip area 
would total 46 cm. This combination results in a reduction 
factor of 0.978. If it is assumed that infiltration in the 
buffer strips is always greater than or equal to that in the 
source area, the greatest reduction factor is the area ratio 
divided by one plus the area ratio. Thus, these values will 
be higher and closer to 1.00 for the 30:1 area ratio as is 
evident from other possible values listed in table 5. A 
reduction factor of 0.938 when multiplied with inflow 
concentration of 657 |Lig/L (for atrazine, for El) results in 
an outflow concentration of 624 jiig/L. This is much higher 
than the observed outflow concentration of 550 |ig/L for 
atrazine which indicates that adsorption of herbicide to in-
place soil and living and dead plant tissue is occurring. 
CONCLUSIONS 
The results of this two-year study support the following 
conclusions: 
1. Herbicide retentions by the buffer strips ranged 
from 11 to 100% for atrazine, 16 to 100% for 
metolachlor, and 8 to 100% for cyanazine for the 
six runoff events observed during 1993 and 1994. 
This high range was a result of variable runoff 
generating storms and runoff from source area, 
sometimes, infiltrating totally within the strips. 
Figure 7-Effect of inflow-rain-infiltration ratios on percent herbicide 
retention for El (11 June 1993). 
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6. 
Infiltration, in the buffer strips area, is the key 
process for retention by buffer strips for the 
moderately adsorbed herbicides studied. 
Herbicide concentrations in solution in the outflow 
from the strips were statistically lower than in the 
inflow part for the events occurring immediately 
after herbicide application. All of this difference 
could not be ascribed to dilution with rainfall, 
indicating that adsorption to in-place soil and plant 
tissue (dead and/or alive) is occurring. Also, 
concentrations for the three herbicides were not 
statistically different between the two area ratio 
outflows. 
Herbicide retentions by the buffer strips for the 15:1 
area ratio were not statistically different from the 
30:1 area ratio. Also, the percent retention between 
herbicides was not statistically different. This 
implies that, for moderately adsorbed herbicides, 
similar processes of infiltration and interception-
adsorption are occurring in the strips. 
Herbicide concentrations in sediment were about 
5 to 20 times higher than that in water (with 
metolachlor concentrations in sediment higher in 
outflow than inflow, whereas the opposite was true 
for atrazine and cyanazine). Despite the higher 
concentrations (and high sediment retention), 
herbicide removal by sediment retention in the strip 
contributed to only about 1/20 of the total herbicide 
retention by the buffer strips. 
The buffer strips were found to have high sediment 
retention efficiencies, ranging between 40 to 100%; 
therefore, they should be effective for retaining 
more strongly adsorbed herbicides. 
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